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Wide-band, high-resolution soft x-ray spectrometer
for the Electron Beam Ion Trap

G. V. Brown, P. Beiersdorfer, and K. Widmann
Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore, California 94550

~Presented 8 June 1998!

We have constructed two wide-band, high-resolution vacuum flat crystal spectrometers and
implemented them on the Electron Beam Ion Trap located at the Lawrence Livermore National
Laboratory. Working in unison, these spectrometers can measure an x-ray bandwidth<9 Å in the
soft x-ray region below 21 Å. In order to achieve this large bandwidth each spectrometer houses
either two 125 mm3 13 mm3 2 mm RAP~rubidium acid phthalate, 2d526.121 Å!, two 114 mm
3 13 mm 3 2 mm TlAP ~thallium acid phthalate, 2d525.75 Å! crystals, or some combination
thereof, for dispersion and two position sensitive proportional counters for detection of x rays. The
spectrometers are used to measure wavelengths and relative intensities of theL-shell line emission
from FeXVII–XXIV for comparison with spectra obtained from astrophysical and laboratory plasmas.
The wide wavelength coverage attainable by these spectrometers makes it possible to measure all
the L-shell emission from a given iron ion species simultaneously. ©1999 American Institute of
Physics.@S0034-6748~99!59801-8#
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I. INTRODUCTION

X-ray spectroscopy has provided valuable data from
number of astrophysical sources such as stellar coronae,1 su-
pernova remnants,2 and solar active regions.3–8 Beginning
with the discovery of x rays in the Sun in 1948,9 the wealth
of information derived from x-ray emission from astrophy
cal sources has driven the development of highly soph
cated satellite missions designed for spectroscopic meas
ments such asSolar Maximum Mission~SMM! and the
Advanced Satellite for Cosmology and Astrophysics~ASCA!
and to upcoming x-ray satellite missions such as theAd-
vanced X-ray Astrophysics Facility~AXAF! and theX-Ray
Multi-Mirror Mission ~XMM! which boast higher resolution
and throughput than their predecessors.

X-ray spectroscopy has also been used extensively in
study of high-temperature laboratory plasmas. A meas
ment of ironL –shell emission from the PLT tokamak, fo
example, shows a plethora of lines in the 6–17 Å reg
from many charge states.10 Interpreting the data from labo
ratory, solar, and astrophysical plasmas requires a thoro
understanding of the underlying atomic data. Because o
complexity, the physical understanding of theL-shell iron
spectrum in the ultrasoft x-ray region is still incomplete. F
example, spectral fitting of the ironL-shell emission ob-
tained with theASCAsatellite has revealed a deficit in th
8–10 Å range.11–13 This deficit could be understood by re
cent measurements at our EBIT facility that showed t
there is a significant amount of radiative flux in theL-shell
transitions that emanate from levels with high princip
quantum numbern.14 For example, the amount of flux in th
transitionsnd→2p in Fe XVII with n>5 and all np→2s
with n54 and 5 is 13% of the amount of the 3d→2p reso-
nance line. Because these lines are comparatively weak
typically blend with lines from higher charge states, they h
not been observed in previous laboratory measurements
2800034-6748/99/70(1)/280/4/$15.00
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had not been included in spectral modeling codes. Additio
laboratory measurements under well controlled conditio
are clearly needed to develop the ironL-shell emission in the
6–17 Å region into a reliable spectral diagnostic of hig
temperature plasmas.

In order to measure wavelengths, relative line streng
and excitation cross sections with high accuracy in the s
x-ray regime (<25 Å! for use in data bases employed by t
spectral fitting packages, we have designed, built, and im
mented a pair of nearly identical vacuum crystal spectro
eters for use at the Electron Beam Ion Trap~EBIT! Facility
located at the Lawrence Livermore National Laboratory. T
Electron Beam Ion Trap was designed for spectroscopy
highly charged ions under precisely controlled conditio
and has been used extensively for x-ray measurements15,16

The two spectrometers, one designated the ‘‘Orange’’ a
the other the ‘‘Blue’’ broad-band spectrometer, have a
sign that extends the design of high-resolution flat crys
spectrometers employed previously on EBIT.17,18

The spectrometers diffract x rays according to Brag
law of crystal diffraction given by

nl52d sin~u!, ~1!

where d is the lattice spacing of the crystal andu is the
incident angle. Operating in the range of Bragg angles
<u<58°, the Orange and Blue broadband spectrome
work in unison to cover an x-ray bandwidth of;9 Å. Be-
cause the largest x-ray bandwidth ofL-shell emission of an
ion of iron is less than 8 Å, these spectrometers make p
sible the simultaneous measurement of the completeL-shell
emission from one ionic species of iron. It is therefore po
sible to make accurate determinations of the waveleng
relative line intensities, and excitation cross sections for o
ionic species of iron without realigning the spectrometer i
single measurement. This contrasts strongly with the n
© 1999 American Institute of Physics
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FIG. 1. Top view of the Orange and Blue spectrometers on EBIT. Each spectrometer houses two crystals and two detectors. The electro
perpendicular to the page. Ports labeled 1, 2, and 3 are generally equipped with a flat field spectrometer, a von Ha´mos curved crystal spectrometer, and a g
injector, respectively.
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for nine overlapping spectral measurements to cover
10–17 Å region in previous studies on EBIT14; as a conse-
quence of the 1.5 Å bandwidth of the spectrometers pre
ously employed on EBIT.

II. SPECTROMETER DESIGN AND IMPLEMENTATION

The Orange and Blue wideband, high-resolution sp
trometers are connected to EBIT via gate valves 180° ap
i.e., on opposite x-ray ports, and are oriented at an angl
90° to the beam~Fig. 1!. In order to avoid the absorption o
soft x-rays by air, each spectrometer operates at a pressu
;1025 Torr. To prevent the vacuum of the spectromet
from compromising the vacuum of EBIT (;10210 Torr!
when the spectrometer is acquiring data~gate valve open!,
each spectrometer is separated from the chamber of EBI
a freestanding 2.59319 lexan window either 0.5 or 1.0mm
thick. The size of the window is chosen so that the spectro
eter is able to view the entire 8° of opening angle allowa
by EBIT’s x-ray ports. This is twice the angle accessib
with the previous flat crystal spectrometers.17,18 To prevent
the window from rupturing when the gate valve is close
each spectrometer has been equipped with a ‘‘pump arou
valve ~Fig. 1! which, when open, connects the vacuu
chamber of the spectrometer to the small volume betw
the lexan window and the gate valve providing equal pr
sure to both sides of the lexan window. This design has b
implemented on both previous generation vacuum flat cry
spectrometers employed on EBIT.17,18

Each of the spectrometers houses either two 125 mm3
13 mm 3 2 mm RAP ~rubidium acid phthalate, 2d
526.121 Å19! two 114 mm3 13 mm3 2 mm TlAP ~thal-

lium acid phthalate, 2d525.75 Å19) crystals, or some com
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bination thereof, for diffraction of x rays. These crystals a
twice as long but only half the height of those us
previously.17,18 In order to mount the crystals in the spe
trometers, each crystal is attached to a 114 mm or 125 mm3
13 mm 3 13 mm aluminum substrate. The substrates
mounted in the spectrometer such that the axis of rotation
each crystal is 38 cm from the electron beam and with o
crystal positioned slightly below the center of the x-ray p
and one slightly above the center of the x-ray port. T
arrangement allows use of a single EBIT port for two sp
trometer arms and sightlines concurrently. The lower crys
substrate is mounted directly to a rotatable stage, and
upper crystal substrate is suspended from a support struc
which is attached to a separate rotatable stage. The u
crystal’s support structure produces a constraint on the m
mum angle between the two crystals of 55° because at
angle the support structure comes into contact with the s
strate of the lower crystal. Each stage is attached to a
chanical vacuum feed through making it possible to rot
each crystal independently from outside the spectrom
housing. It should be noted that these spectrometers h
been designed to accommodate crystals which are 114
long, hence crystals which are less than 114 mm in len
can be rotated from 0° to beyond 90°. However, when us
crystals which are greater than 114 mm long, there are lim
to the maximum and minimum achievable Bragg angle. F
example, when using the 125 mm long RAP crystal,
substrate comes into contact with the wall of the spectro
eter housing at an angle of;70° and the crystal comes int
contact with the lexan window at an angle of;16°.

In order to detect the diffracted x rays, the orange a
blue spectrometers each employ two single wire posit
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sensitive proportional counters, i.e., one detector for e
crystal. The detectors use the resistance-capacitance po
encoding method for determining the position of the incid
photon20 with a spatial resolution of;250 mm at the x-ray
energies of interest. The detector’s fill gas is P-10~90% ar-
gon and 10% methane!, which flows through the detector a
a rate of about 1 mm3/s. The pressure in the detector is
atm. The detector window is made of 4mm polypropylene
coated with 200–400 Å of aluminum with an active area
10 3 0.8 cm2. The center of the detectors are 25.4 cm fro
the crystal’s axis of rotation with each detector being sligh
offset either below or above the center of their respec
source crystals so as to maximize the detected flux fr
EBIT. This is based on the assumption that the flux from
trap is a maximum at its center. The detectors are attache
mechanical arms which move each detector along a com
rail from outside of the spectrometer using a mechan
similar to that used to rotate the crystals. Hence, the detec
can also be positioned from outside the spectrometer w
preserving its vacuum. Because both detectors move alo
common rail, there is a minimum angle between the cen
of each detector of;30°, which occurs when their housing
come into contact with one another. The walls of the sp
trometer and its orientation on EBIT limit the maximu
angle of one detector to;110°. This makes the maximum
angle achievable by the second detector;80°.

The polypropylene window used on the detectors and
lexan window used to separate the spectrometer vac
chamber from EBIT’s vacuum chamber have energy dep
dent responses where, in general, photons with higher en
are transmitted more efficiently than those with lower e
ergy. The response curve for each foil has been calcul
and can be accounted for in our measurements. The tr
mission of the lexan 0.5mm foil varies from above 90% for
energies above 1200 eV down to 65% for energies aro
700 eV.21 The polypropylene foils have higher absorptio
coefficients and transmit below 15% at energies below
eV.21 This increases to a transmission of about 60% at 1
eV. Figure 2 shows the calculated response curves as a f
tion of wavelength for the 0.5 and 1.0mm lexan and the 4
mm polypropylene windows. Transmission of the vario
foils had been measure in earlier investigations22 and found
good agreement with these calculations.

The constraints on the relative positions of the two d
tectors and the two crystals, the maximum and minim

FIG. 2. Transmission curves for foils between EBIT and the detecto
h
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allowable angles, the dimensions of the crystals and dete
windows along with the dimensions of the spectrome
housing provide a measurable Bragg angle range from 0
58°. The limiting factor of the largest Bragg angle is th
maximum angle of 110° achievable by the center of the
tector. The constraints on the crystal and detector positio
and the fact that even when the crystal is able to subtend
entire opening angle of 8° the maximum spectral coverag
one RAP crystal is 3.5 Å at a Bragg angle of 16°, make
necessary to use both the orange and blue spectromete
unison to achieve a spectral range of 9 Å~7.5 Å continuous!
from 9 to 18 Å.

III. MEASUREMENT

Here, we present a measurement by the orange and
spectrometers of all line emission from theL shell of FeXVII

which falls in the wavelength band between 9.8 and 17.1
~see Fig. 3!. The spectrum was acquired at an electron be
energy of 12006 30 eV, a beam current of 25 mA, and a
electron density of 0.52131012 cm23. It is labeled in the
notation of Parkinson.23 The crystals used are three 125 m
3 13 mm3 2 mm RAP crystals. The resolving power dem
onstrated by this measurement isl/Dl5500–700. Whereas
previous measurements of this same spectrum required
different spectrometer settings,14 the present measureme
only required one, thus reducing the acquisition time
nearly an order of magnitude. An example of the bandwi
of a single crystal in the Blue spectrometer is given in Fig.
This shows a wavelength spread of nearly 3 Å.

To span the wavelength range from 9.8–17.1 Å requi
both RAP crystals in the Orange spectrometer and one in
Blue spectrometer. The crystals are set to Bragg angles
that the Orange spectrometer spans the regions between
12.2 and 15.0–17.1 Å and the Blue spectrometer spans
region between 12.1 and 15.1 Å. Note that the ranges
chosen to overlap. The overlapping regions between adja
spectra are used for normalization. Each of the overlapp
regions contain a strong FeXVII line. In the region of overlap
between the lowest wavelength region and the middle reg
the line 4D is used for cross normalization, and in the regi
between the middle and the upper wavelength region the
3C is used. Figure 4 shows the spectrum that bridges

FIG. 3. Spectrum ofL-shell emission of FeXVII observed by three of the
four spectrometer arms. The connections are made at 15.16 and 12.2
The lines have been previously identified by Brownet al. ~1998! and are
labeled in the scheme of Parkinson~1972!. It should be noted that the scal
for the region below 12.7 Å is a factor of 3 less than that for the reg
above 12.7 Å.
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long- and the short-wavelength spectra. Here, line 3C is at
the long-wavelength side, 4D is at the short-wavelength side

Each of the three spectra are corrected for the respo
of both the lexan and polypropylene windows. Because
Blue spectrometer has a 1mm thick lexan window while the
window on the Orange is 0.5mm thick, the window response
function for each spectrometer are not equal. After remov
the response of the foils from each of the spectra, the li
that are common to adjacent spectra should have an e
number of counts; however, this is not the case. Line 4D in
the lower spectrum is greater than that in the middle sp
trum by 25%, and 3C is 20% greater in the middle spectru
than in the upper spectrum. The true source of this differe
is not known, although it is believed to be related to t
alignment of the spectrometers relative to the trap region
order to account for these differences when concatena
adjacent spectra, the spectra were each scaled so tha
areas in the common lines were equal. It should be noted
since the source is based on a unidirectional electron bea
produces polarized radiation,24,25 and the crystals act a
polarizers26 it is necessary to account for this effect wh
determining accurate line intensities; however, for the m
surement presented here no adjustment for the crysta
sponse nor polarization effects has been made. The ave
value between the Mosaic and the Darwin-Prins integra
reflectivity calculated by Henkeet al.27 decreases by 30%
from 9.7 to 17.3 Å for nonpolarized line emission. The se
sitivity variations presented here based on the spectrum
rected for transmission of the foils and the normalizat
between three spectra with no correction for crystal respo
is believed to be reliable to within 12%–15% over the ent
wavelength range observed.

FIG. 4. Spectrum with a single spectrometer arm. The spectrum cover
Å and demonstrates that nearly the full 8° of openning angle is subtende
the crystal.
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Although not presented here, these spectrometers h
made possible the measurement of all the significant re
nant, dielectronic, and direct excitation cross sections for
L-shell emission of FeXVII as a function of energy, con
ducted during a two-week~300 h! measurement period. Suc
an endeavor would have been impossible without the la
bandwidth of these spectrometers that reduced acquis
time by about an order of magnitude.
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